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Water year (WY) is the 12-month period from October 1 through September 30 and is designated by the calendar year in which it ends.
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Horizontal coordinate information is referenced to the North American Datum of 1983 (NAD 83). 
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Abstract
Upward trends in precipitation and streamflow have been observed in the northeastern Missouri River Basin during the past century, including the area of eastern South Dakota. Some of the identified upward trends were anomalously large relative to surrounding parts of the northern Great Plains. Forcing factors for streamflow trends in eastern South Dakota are not well understood, and it is not known whether streamflow trends are driven primarily by climatic changes or various land-use changes. Understanding the effects that climate (specifically precipitation and temperature) has on streamflow characteristics within a region will help to better understand additional factors such as land-use alterations that may affect the hydrology of the region. To aid in this understanding, a study was completed by the U.S. Geological Survey, in cooperation with the East Dakota Water Development District and James River Water Development District, to assess trends in climate and streamflow characteristics at 10 selected streamgages in eastern South Dakota for water years (WYs) 1945 (WYs) -2013 and WYs 1980 WYs -2013 . A WY is the 12-month period, October 1 through September 30, and is designated by the calendar year in which it ends. One streamgage is on the Whetstone River, a tributary to the Minnesota River, and the other streamgages are in the James, Big Sioux, and Vermillion River Basins. The watersheds for two of the James River streamgages extend into North Dakota, and parts of the watersheds for two of the Big Sioux River streamgages extend into Minnesota and Iowa. The objectives of this study were to document trends in streamflow and precipitation in these watersheds, and characterize the residual streamflow variability that might be attributed to factors other than precipitation. Residuals were computed as the departure from a locally-weighted scatterplot smoothing (LOWESS) model. Significance of trends was based on the Mann-Kendall nonparametric test at a 0.10 significance level.
Of the 10 streamgages selected, only the Elm River at Westport (in the upper part of James River Basin) did not have a significant upward trend in annual mean streamflow for WYs 1945-2013, whereas only one-half of the streamgages had significant upward trends in annual mean streamflow for WYs 1980-2013. Mean and 7-day minimum streamflows also had upward trends for the spring runoff period (March-May) for most of the streamgages during WYs 1945-2013 and for one streamgage during WYs 1980-2013. Magnitudes of increases in streamflow were as great as 30 cubic feet per second per year for the streamgage on the James River near Scotland during WYs 1980 WYs -2013 Precipitation trends for WYs 1945-2013 were not necessarily significant for the watersheds of streamgages with a significant streamflow trend. Annual total precipitation had a significant upward trend for the watersheds of 4 of the 10 streamgages during WYs 1945 WYs -2013 and no significant trends for WYs 1980-2013. The most widespread precipitation increase was for September-November, with significant upward trends for the watersheds of 8 of the 10 streamgages during WYs 1945 WYs -2013 ; however, no trends in SeptemberNovember precipitation were significant for WYs 1980-2013. The greatest magnitude of increase in precipitation was for the December-May season during WYs 1980-2013, which had a mean increase of 0.106 inch per year in the watersheds of streamgages with significant trends.
The correlation between streamflow and precipitation metrics was low as indicated by the mean coefficient of determination (R 2 ) of 0.18 for all pairs considered. The highest locally-weighed scatterplot smoothing (LOWESS) correlation was between annual precipitation (by water year) and annual mean streamflow (by water year), which had a mean R 2 of 0.47 for all streamgages and was as high as 0.72 for one streamgage. The correlation between annual precipitation and March-May mean streamflow had a mean R 2 of 0.33 for all streamgages and was as high as 0.52 for one streamgage. Other metrics had R 2 values for LOWESS correlations that were less than 0.3 and were not further considered for analyses of residuals. For annual precipitation as a predictor of annual mean flow, precipitation-removed streamflow had significant upward trends during WYs 1945-2013 for one-half of the streamgages. Upward trends in residual annual mean streamflow were indicated for the Whetstone River and lower part of the Big Sioux River Basin, indicating that other factors are contributors to streamflow variability during WYs 1945-2013.
In contrast, most of the streamgages in the James and Vermillion River Basins had no trends in residual annual mean streamflow, indicating that streamflow trends can be explained primarily by precipitation. Precipitation-removed streamflow had fewer trends during the more recent analysis period of WYs 1980 -2013 than WYs 1945 -2013 for all streamgages in eastern South Dakota. Upward trends in residuals for MarchMay mean streamflow were indicated for Skunk Creek at Sioux Falls and the Big Sioux River at Akron, but trends in residuals were not significant at the remaining streamgages.
For the streamgages with significant trends in residual streamflow (such as the streamgage on the Whetstone River and streamgages in the Big Sioux River Basin), land-use changes likely are minor factors, with the main factors probably being changes in the timing and frequency of large precipitation events and persistently wetter antecedent conditions. Changes in the relation between precipitation and streamflow since 1945 were evident when considering the runoff efficiency of the watershed. For example, the streamflow response to annual precipitation of 25 inches for the James River near Scotland increased from approximately 1,000 cubic feet per second for WYs 1945 WYs -1990 to about 2,500 cubic feet per second for WYs 1991-2013. The importance of antecedent conditions on annual mean streamflow also was indicated by the significance of the multiple linear regression coefficients of annual mean streamflow and precipitation from preceding water years for all but one streamgage. In addition, rising groundwater levels are present in wells in eastern South Dakota, particularly since the 1980s.
Introduction
Across the conterminous United States, precipitation has increased by 10 percent since 1910, reflecting an increase in both the frequency of days with precipitation and the magnitude of extreme precipitation events (Karl and Knight, 1998) . Anderson and Woosley (2005) observed an increasing precipitation gradient across the Missouri River Basin with downward precipitation trends since 1971 for more arid States such as Montana, Wyoming, western North Dakota, and western and southern Nebraska and upward trends in South Dakota, southeast North Dakota, and northeast Nebraska. Precipitation increased as much as 25 percent in the eastern Great Plains and decreased as much as 15 percent in the western Great Plains from 1958 to 2008 (Karl and others, 2009 ). Walsh and others (2014) indicated the amount of precipitation from very heavy rainfall events (1-percent exceedance rate) increased by 16 to 37 percent since 1958 for the north-central United States.
Continental-scale and regional-scale trends also have been identified in observed surface air temperature. Surface air temperature in the United States has had an upward trend on the order of 2 degrees Fahrenheit (°F) since records began in 1895, with most of the increase since the 1970s (Walsh and others, 2014) . Evidence for climate warming also is evident in the Missouri River Basin. Mean surface air temperature for 1993-2008 in the Missouri River Basin was 1 to 3 °F warmer than the mean for 1961-79, with greatest warming in the northern part of the basin (Karl and others, 2009) .
Trends in streamflow have been examined by several researchers at national and regional scales (Slack and Landwehr, 1992; Dettinger and Cayan, 1995; Lins and Slack, 1999; McCabe and Wolock, 2002; Dettinger, 2005; Lins, 2005) . Anderson and Woosley (2005) noted an apparent, but not statistically significant, upward streamflow trend for the Missouri River during 1950-2000. Hirsch and Ryberg (2011) reported significant trends of decreasing peak flows for streamgages with at least 85 years of continuous record through water year (WY) 2008 in the northwestern United States, which included parts of the Missouri River Basin; a WY is the 12-month period, October 1 through September 30, and is designated by the calendar year in which it ends. Norton and others (2014) examined annual and seasonal trends in streamflow at 227 streamgages in the Missouri River Basin with records for WYs 1960-2011 and noted pronounced upward trends in annual streamflow at streamgages along the James and Big Sioux Rivers. Hirsch (2011) noted an anomalous and pronounced upward trend in annual minimum daily streamflow in the Big Sioux River at Akron, Iowa (streamgage 06485500, fig. 1 ). Coopersmith and others (2014) examined hydroclimate trends for 428 watersheds in the United States during . Watersheds within the Missouri River Basin were classified as having an arid climate with high seasonality in the western part of the basin and nonarid climate with high seasonality in the eastern part of the basin. Changes in the mechanism of runoff were indicated for the Midwest United States with the runoff peak shifting from early spring to early summer, and runoff associated with precipitation events rather than in response to thawing of the ground. Mallakpour and Villarini (2015) examined flood magnitudes and frequencies for 1962-2011 at streamgages in the central United States. Although their overarching conclusion was that evidence of significant changes in magnitude of peak streamflow events was limited, an increased frequency of streamflow events greater than a threshold was evident. Examination of their regional plots, however, indicated upward trends in frequency and magnitude of annual, spring, summer, and autumn peak streamflow events, and upward trends in winter peak streamflow events for the region considered for this study. Regional plots by Mallakpour and Villarini (2015) also indicated that an upward trend in the frequency and magnitude of heavy rainfall events was present in autumn in eastern South Dakota. Changes in peak streamflow events in South Dakota, North Dakota, and Iowa were attributed to changes in precipitation, air temperature, and associated snowpack (Mallakpour and Villarini, 2015; Pederson and others, 2011) . Pronounced anomalies in several metrics of streamflow since about the 1980s have been recognized in this region, including the Big Sioux River (Hirsch, 2011; Norton and others, 2014; Ryberg and others, 2014 Forcing factors for streamflow trends in eastern South Dakota are not well understood, and it is not known whether streamflow trends are driven primarily by climatic changes or various land-use changes. Multiple land-use alterations with the potential for substantial effects on streamflow characteristics are known to have occurred since European settlement began in the 1860s. Some of these land-use alterations include (1) small-and large-scale drainage improvements over widespread, poorly drained areas, (2) conversion of massive tracts of native tall-grass prairie to farmland and rangeland, (3) large-scale changes over time in agricultural land use that have resulted from implementation of various U.S. Department of Agriculture farm programs such as the Conservation Reserve Program (CRP), and (4) urbanization. Pattern tiling, which is the practice of installing perforated pipe beneath agricultural fields to drain water and lower a shallow water table, is rapidly expanding in the midwestern States (Baker and others, 2007) . The practice is in response to persistently wet climatic conditions and a period of high commodity prices, especially for corn. The CRP encourages farmers to convert highly erodible cropland or other environmentally sensitive acreage to vegetative cover (such as native grasslands) for the duration of a contract period; however, an increase in commodity prices may have contributed to the 27-percent decrease in eastern South Dakota land enrolled in the CRP during 2007-10 (U.S. Department of Agriculture, 2012). The changes to streamflow characteristics of receiving streams resulting from these land-use changes are unknown. Understanding the effects that climate (specifically precipitation and temperature) has on streamflow characteristics within a region will help to better understand additional factors such as land-use alterations that may affect the hydrology of the region. Assessment of precipitation trends provides a local perspective on continental-scale and regional-scale studies of climate variability and trends. To aid in this understanding, a study was completed by the U.S. Geological Survey (USGS), in cooperation with the East Dakota Water Development District and James River Water Development District, to assess trends in climate and streamflow characteristics at 10 selected streamgages ( fig.  1 ) in eastern South Dakota for WYs 1945 -2013 (69 years) and WYs 1980 -2013 . The assessment of precipitation trends also provides a local perspective on continental-scale and regional-scale studies of climate variability and trends.
Purpose and Scope
This report provides an assessment of the relations among trends in climate characteristics (precipitation and air temperature) and trends in streamflow characteristics at selected streamgages in eastern South Dakota for WYs 1945-2013. Climate and streamflow characteristics were assessed at 10 selected streamgages in eastern South Dakota for WYs 1945 -2013 (69 years) and WYs 1980 -2013 . One streamgage is on a tributary to the Minnesota River; the other streamgages are in the James, Big Sioux, and Vermillion River Basins in the Missouri River Basin. The watersheds for two of the James River streamgages extend into North Dakota, and parts of the watersheds for two of the Big Sioux River streamgages extend into Minnesota and Iowa ( fig. 1 ). This report documents (1) trends in streamflow, precipitation, and air temperature in eastern South Dakota; and (2) trend analyses of the precipitation-removed streamflow to characterize the streamflow variability that is caused by factors other than precipitation.
Description of Study Area
The James, Big Sioux, and Vermillion Rivers, and the Whetstone River, which is a tributary to the Minnesota River ( fig. 1 ), are part of the Central Lowland physiographic division (not shown on fig. 1 ), which is characterized by glaciated terrain and rolling plains (Fenneman, 1931) . Glacial units in the region include Quaternary-age till, outwash, and lacustrine sediments (Martin and others, 2004) . Rivers commonly follow the valleys formed by glacial lobes, which were glaciated as recently as 14,000 years ago (Lundstrom and others, 2009 ). Drainages in this region formed after retreat of glaciers and are therefore poorly established in parts of the study area. The poorly established drainage patterns are accompanied by numerous areas of internal drainages, or "potholes," and are why the larger region surrounding the study area is commonly referred to as the "Prairie Pothole Region."
The estimated mean thickness of glacial deposits is 40 feet (ft) in eastern South Dakota, and locally the maximum thickness is as much as 500 ft (Flint, 1955) . Whitehead (1996) indicates that glacial deposits are the most productive aquifers in this region. Developed aquifers commonly are ancient stream channel deposits in valleys that have been buried beneath glacial till and typically are in areas of thickest glacial deposits (Whitehead, 1996) . Where underlain by Cretaceousage shale, loss of groundwater from glacial aquifers to bedrock is minimized (Bredehoeft and others, 1983) . The uppermost bedrock units in the watersheds in eastern South Dakota and in the watersheds that extend into North Dakota, Minnesota, and Iowa primarily are Cretaceous-age shales and sandstones Morey and Meints, 2000; Witzke and others, 2010) . Precambrian-age rocks, such as diabase, quartzite, and granite, underlie glacial deposits in small areas in the southern parts of the watersheds included in this study and are locally exposed at the surface near Sioux Falls, South Dakota (Martin and others, 2004) .
Agricultural activities are extensive throughout eastern South Dakota ( fig. 2) . The largest cities in the basin have developed along the James, Vermillion, and Big Sioux Rivers, and contribute urban runoff and wastewater effluent discharges to these rivers. About 66 percent of the area in study watersheds in the Big Sioux River Basin is used for cultivated crops ( fig. 2C) , and other agricultural activities in the basin include livestock and concentrated animal-feeding operations (Homer and others, 2015) . Crops grown in the Big Sioux River Basin Pasture or hay 25 percent predominantly include corn, soybeans, wheat, and alfalfa; livestock raised in the basin primarily include dairy cattle, beef cattle, and hogs (Lawrence and Sando, 1991) . Landuse characteristics in the Whetstone River watershed in the Minnesota River Basin and in study watersheds in the James River Basin ( fig. 2A, B ) are similar to characteristics in the Big Sioux River Basin, although more pasture and grassland areas are present in these watersheds compared to watersheds in the Big Sioux River Basin. The climate of the study area was characterized by using records for 1945-2013 for the Aberdeen Regional Airport weather station (station 390020, fig. 1 ) from the U.S. Historical Climate Network (USHCN; National Oceanic and Atmospheric Administration, 2015) . Mean monthly precipitation is lowest in the winter and greatest in the summer ( fig. 3 ), and has a unimodal distribution (rising to a single peak). Mean monthly precipitation at USHCN weather station 390020 for 1945-2013 ranged from 0.49 inch (in.) in December to 3.43 in. in June. Similarly, mean monthly air temperature is unimodal and is lowest in winter and highest in summer. Mean monthly air temperature ranges from 10.6 °F in January to 72.1 °F in July. Although precipitation is greater in June than other months, mean monthly streamflow is characteristically greatest in spring months of April and May as shown for the James River near Scotland, S. Dak. (streamgage 06478500), where the mean monthly streamflow for April was 2,570 cubic feet per second (ft 3 /s; fig. 3 ), which is nearly three times larger than mean annual streamflow of 906 ft 3 /s (U.S. Geological Survey, 2014). April is the first month following winter that mean monthly air temperature rises above freezing (fig. 3) ; streamflows in April typically are augmented by snowmelt runoff. Saturated or frozen soil conditions in early spring also can contribute to increased runoff potential during spring rainfall events (Sando and others, 2008) . Streamflow response to the greater precipitation of the summer months is subdued because of the greater evapotranspiration and generally drier soil conditions that are present during the growing season within the James River Basin and other basins in eastern South Dakota (Hay, 2012) . Analyses presented herein will therefore include the relations between climate and streamflow for the 3-month March-May period associated with the rise, peak, and beginning of recession of streamflow in the typical annual hydrograph.
Methods and Approach
The methods and approach include the analysis of existing precipitation, air temperature, and streamflow data for watersheds in the study area. Watershed-scale precipitation and temperature data were calculated from the Parameter-Elevation Regressions on Independent Slopes Model (PRISM), which provides estimates of monthly precipitation and temperature at a 2.5 arc-minute grid spacing (Daly and others, 1994) . The PRISM outputs of monthly precipitation, minimum air temperature, and maximum air temperature were spatially averaged for all grid points within each streamgage watershed. Streamflow data were obtained from the USGS National Water Information System (NWIS) (U.S. Geological Survey, 2014).
Streamgages that have long periods of record and include continuous data are most desirable for statistical analysis and interpretations of trends. Ten streamgages from four major river basins in eastern South Dakota were selected to represent a range of locations and contributing drainage areas (table 1) . Sites generally were selected to represent upper and lower parts of the major river basins, with preference given to sites 
Watershed Precipitation and Temperature
The PRISM is a statistical model that interpolates monthly total precipitation and monthly means of daily maximum and minimum air temperature from weather station records to a 2.5 arc-minute grid that includes the conterminous United States (Daly and others, 1994 (Daly and others, , 2002 (Daly and others, , 2008 . The statistical model is a knowledge-based system that interpolates data from multiple weather stations on the basis of similarity of the terrain at the weather stations with that of a given grid point. The PRISM output was validated for use in trend analyses in this region by comparison with records from the USHCN weather station 390020 ( fig. 1 ). Validation methodologies included paired t-test (Helsel and Hirsch, 2002; Adler, 2010) to test for significant differences in population means, the Kendall-tau nonparametric test (Kendall, 1938; Helsel and Hirsch, 2002; Adler, 2010) for significance of correlation and trends, and the Kolmogorov-Smirnov nonparametric test (Adler, 2010) to determine if the distribution of USHCN data and PRISM output are similar. Nonparametric tests such as the Kendall tau and Kolmogorov-Smirnov tests do not assume a parameterized distribution. Water-resources data such as streamflow and precipitation characteristically violate the assumption of a normal distribution (Helsel and Hirsch, 2002) , which might result from outliers or from data that are bounded-negative values of precipitation and streamflow are not possible.
Statistical Analyses
The statistical analyses provide a representative overview and interpretation of the streamflow and precipitation datasets. Streamflow values were summarized into four statistical groups for analyses by WY: (1) annual mean streamflow, (2) annual 7-day minimum streamflow, (3) mean daily streamflow for the March-May period, and (4) 7-day minimum streamflow for the March-May period. The March-May period was selected to represent the time when most flooding occurs in eastern South Dakota because of snowmelt or spring rain events. The 7-day minimum streamflow statistic (calculated as the minimum 7-day period of daily mean streamflow values) was selected to be representative of the base-flow condition for each year, independent of the short-term rainfall or snowmelt runoff processes. Streamflow trend tests were not conducted for the 7-day minimum streamflows at the Little Vermillion River near Salem, because this low-flow statistic was zero for greater than 25 percent of years. The beginning year of streamflow records for sites ranged from 1928 to 1972; (Hirsch and De Cicco, 2014) , which is a package for the statistical computing software R (R Core Team, 2014). Monthly precipitation totals from PRISM output were summarized into four seasonal groups for analyses of trends; monthly mean temperatures were summarized into five seasonal groups for analyses of trends. Seasonal groups for precipitation included annual (by WY), March-May, September-November (spanning 2 water years), and December-May. The annual and March-May groups were selected to correspond with the two seasonal streamflow groups described previously in this section. The September-November season generally is not associated with substantial contribution of runoff to streams because precipitation commonly is consumed by evapotranspiration or accumulates as snowpack during these months; thus, increased moisture during this period primarily serves to saturate soils before the winter and spring seasons. The December-May period represents the combined precipitation from winter snow accumulation and the spring rainfall period leading up to the months of greatest streamflow in eastern South Dakota (April and May, fig. 3 ). The air temperature seasons investigated for trends include annual (by WY) and four 3-month periods that approximate the solar seasons: January-March, April-June, July-September, and OctoberDecember. Because air temperature in eastern South Dakota follows a more uniform seasonal pattern ( fig. 3 ) compared to the precipitation and streamflow patterns, the four solar seasons were selected for investigation of trends instead of those used in the streamflow and precipitation statistical analyses.
Precipitation and streamflow data are not normally distributed and often have outliers that affect parametric tests; therefore, a nonparametric Mann-Kendall approach was used. The Mann-Kendall test (Helsel and Hirsch, 2002 ) was used to examine precipitation, air temperature, and streamflow for monotonic increases (upward trend) or decreases (downward trend) with time. A monotonic upward or downward trend is one in which the change in the variable of interest consistently increases (upward trend) or decreases (downward trend) through time, but the trend may or may not be linear. The null hypothesis of the Mann-Kendall test is that the probability of variable Y at time j (Y j ) being greater than Y at time i (Y i ), where j is greater than i, is 0.5 (50 percent chance of an increase in time). The alternative hypothesis is that the probability of Y j being greater than Y i is something other than 0.5 (if it is greater than 0.5, Y is tending to increase with time; if it is less than 0.5, Y is tending to decrease with time). Statistical tests used in this study all used a significance level equal to 0.10 (a p-value less than 0.10 means the test is statistically significant). To examine the magnitude of changes identified by the Mann-Kendall test, the Sen slope estimate (Theil, 1950; Sen, 1968) is reported with each p-value. The Sen slope estimate is the median of all pairwise slopes in the dataset, presented in units of cubic feet per second per year, inches per year, or degrees Fahrenheit per year for streamflow, precipitation, or air temperature trends, respectively. The utility of Sen slope estimates for a time-series plot of annual mean streamflow for the James River near Scotland, is shown in figure 4 . The trendlines shown in figure 4 project a line with the Sen slope through the point representing the median time and median streamflow value. In this example, the annual mean streamflow increases at a median rate of 10. Helsel and Hirsch (2002) describe a methodology of removing the variability from an associated exogenous variable known to affect the dependent variable tested for time trends. Exogenous variables are usually natural, random phenomena such as precipitation or air temperature, and herein the dependent variable is streamflow. By removing the variation in streamflow explained by precipitation, the background variability or "noise" is reduced so that any residual trend present can be identified, which allows focus on variables that affect streamflow but are not associated with precipitation. Thomas and Pool (2006) and Ryberg and others (2014) provide recent example applications of this method to factor out climatic variability of streamflow. The first step was to develop locallyweighed scatterplot smoothing (LOWESS) relations between precipitation and streamflow using all years in the record. The residuals from the regression analysis represent streamflow values that have had the variation caused by precipitation removed and are termed "precipitation-removed streamflow." The second step was to test for monotonic trends in the residuals over time using a Mann-Kendall test. Trends, if present in these residuals, can then be attributed to factors other than precipitation.
In LOWESS, a different weighted least-squares regression is used to compute each fitted value. The weights for each equation are a function of a user-specified span and the magnitude of the residual from the previous regression. The span specifies the number of data points that are used to fit the equation. A larger span will, therefore, have a smoother fitted model than a smaller span. A span of 0.50 indicates that 50 percent of the data are used to fit each equation, which was the default span used in this analysis. The effect of using alternative spans of 0.35 and 0.65 also was examined at one streamgage, which resulted in similar significance levels in the residual trend tests (no test went from significant to non-significant or vice versa with the use of these alternative spans). After development, the LOWESS relations were evaluated for applicability using coefficients of determination (R 2 ), which measure the goodness of fit by the precipitation-based LOWESS model (Ott and Longnecker, 2001 ). The R 2 values were calculated in a similar way as utilized in typical linear regression models, where the correlation coefficient between the dependent streamflow variable and LOWESS streamflow value is squared: 
where x is the actual streamflow statistic, y is the corresponding LOWESS model value of streamflow for the same year, and x � and y � are the respective mean values of these data.
Multiple linear regression methods were used to examine the significance of precipitation from previous years on streamflow statistics. In this approach, multiple previous years of precipitation can be used to account for the observed streamflow in any given year. This is in contrast with the LOWESS models described in the previous paragraph, which only use the precipitation from the current year to describe the streamflow. The multiple regression model relates the dependent variable (a streamflow statistic) to a set of independent variables (precipitation) using a direct extension of a polynomial regression model in one independent variable (Ott and Longnecker, 2001 ). The precipitation independent variables include the current WY precipitation, the previous WY precipitation (WY-1), and the precipitation from 2 WYs before the current WY (WY−2). The goal of the regression analysis is to explain as much as possible of the variation observed in the streamflow, leaving as little variation as possible in the unexplained portion (Helsel and Hirsch, 2002) . The t-test was performed for the coefficient for each preceding water year's precipitation in the multiple linear regression models, and p-values are reported, thereby statistically characterizing the relative importance of antecedent precipitation when explaining streamflow. This tests whether a more complex model (with the additional year of precipitation) provides a sufficiently better explanation of the variation in streamflow than does the simpler model that uses only the current year's precipitation (Helsel and Hirsch, 2002) . Assumptions of multiple linear regression models were verified, including checks that explanatory variables are independent (no multicollinearity) and residuals were normally distributed (Helsel and Hirsch, 2002) .
Validation of Output from the ParameterElevation Regression on Independent Slopes Model
Gibson and others (2002) Mann-Kendall tests for trends in precipitation during 1928-2013 indicated a significant upward trend (p-value of 0.01) for PRISM output but no significant trend (p-value of 0.11) for USHCN records. Similarly, Mann-Kendall tests for trends in precipitation for 1940-2013 indicated a significant upward trend for PRISM output and no significant trend for USHCN records, which indicates higher uncertainty in the interpretation of PRISM output for the period beginning before 1940. The Mann-Kendall tests indicated significant upward trends for PRISM output and USHCN records for 1945 -2013 , 1950 -2013 , and 1960 -2013 therefore, PRISM output for 1945 therefore, PRISM output for -2013 is considered valid for use in this study. The validity of using PRISM precipitation data during this period is illustrated in figure 5 , as data points plot reasonably close to and are approximately normally distributed about the line of equal precipitation, and heteroscedasticity is not indicated. The truncation of records beginning in WY 1945 for analyses affects 3 of the 10 streamgages with the longest records ( Annual precipitation from PRISM grid point, in inches Annual precipitation at station 390020, in inches L in e o f e q u a l p r e c ip it a t io n t o t a ls 
Climate and Streamflow Characteristics
Statistical analyses were completed for the 10 selected streamgages to determine the significance (p-values) and magnitude (Sen slope) of trends in streamflow, precipitation, air temperature, and precipitation-removed streamflow (tables 2-4). Unless otherwise noted, all trends for these variables were upward when present. Plots for the three streamgages with the longest records-Whetstone River near Big Stone City; James River near Scotland; and Big Sioux River at Akron-are presented to show temporal streamflow patterns. Trendlines showing the 10-year moving average (decadal mean) are presented with all time-series plots to assist with identification of hydrological changes over time. Streamflow and precipitation data used in these analyses are presented in the appendix.
Streamflow Trends
The upward trends in annual and seasonal streamflow documented by Norton and others (2014) (table 2) . Reservoirs with regulated releases account for about 40 percent of the headwater drainage area above the Elm River at Westport, which explains the lack of a streamflow trend at this site. All streamgages had upward trends in annual 7-day minimum streamflow during this period. The magnitude of trends in annual mean streamflow (characterized by Sen slopes) ranged from 0.269 (ft 3 /s)/yr at Firesteel Creek near Mount Vernon, S. Dak. (streamgage 06477500) to 10.5 (ft 3 /s)/yr at James River near Scotland. These trend slopes are similar relative to the long-term mean annual streamflow (table 1) at these two streamgages; the trend slope of 0.269 (ft 3 /s)/yr represents 0.73 percent of the long-term streamflow value of 36.6 ft 3 /s for Firesteel Creek near Mount Vernon, whereas the trend slope of 10.5 (ft 3 /s)/yr represents 1.2 percent of the long-term streamflow value of 906 ft 3 /s for the James River near Scotland.
Only one-half of the streamgages had significant upward trends in annual mean streamflow for the WY 1980-2013 period, which might be a result of (1) fewer data points than necessary to express a trend, (2) a wetter starting period than (table 2) .
Mean and 7-day minimum streamflows also had an upward trend for the spring runoff period (March-May) at most streamgages during WYs 1945 WYs -2013 fig. 7, table 2) . The only streamgages that had significant upward trends for March-May during WYs 1980-2013 were the James River near Scotland for the 7-day minimum streamflow (fig. 7B) 
Precipitation Trends
Significant precipitation trends during WYs 1945-2013 are less prevalent than streamflow trends in eastern South Dakota watersheds. Annual precipitation (totaled by WY) had a significant upward trend for the watersheds of 4 of the 10 streamgages during WYs 1945 WYs -2013 (table 3, fig. 8 ), but no significant trends in annual total precipitation were indicated for WYs 1980-2013. Evidence of change was identified during the seasons March-May, September-November, and December-May. Three watersheds had significant upward trends for March-May total precipitation for WYs 1945-2013, and two different watersheds had upward trends for MarchMay total precipitation for WYs 1980-2013. Evidence of increasing precipitation during the winter and spring months is indicated by significant upward trends in December-May total precipitation for six watersheds during WYs 1980-2013. Only three watersheds had significant upward trends in December-May total precipitation in WYs 1945-2013. The greatest magnitude of increase in precipitation was for the DecemberMay season during WYs 1980-2013, which had Sen slopes averaging 0.106 inch per year (in/yr) for the six watersheds with significant trends (table 3). Sen slopes for annual and March-May total precipitation were less than 0.075 in/yr for the watersheds of streamgages with significant trends.
The most widespread increase in seasonal total precipitation was indicated for the months of September-November, with significant trends indicated for the watersheds of 8 of the Table 2 . Statistics for trends in annual mean, annual 7-day minimum, March-May mean, and March-May 7-day minimum streamflow, water years 1945-2013 and 1980-2013. [ 
0.453
Sen slope
0.056
West Fork Vermillion near Parker, S. Dak. The 7-day minimum value equals zero during at least 25 percent of water years in streamflow record and, therefore, was excluded from trend testing. 
Air Temperature Trends
Air temperature changes were investigated for the watersheds of the streamgages on the James River near Scotland, Big Sioux River at Akron, and Whetstone River near Big Stone City ( fig. 9) , to further describe climatic variables that may affect streamflow. Temperature patterns are more consistent than streamflow patterns across eastern South Dakota; therefore, these three watersheds are likely representative of the region. Air temperature is an important driver of evapotranspiration; thus, warm temperatures typically translate into less water available for surface runoff during the summer and fall seasons. Conversely, warm temperatures in the winter and spring months increase snowmelt and can cause increased runoff during these periods.
Trends by WY in annual and seasonal means (OctoberDecember, January-March, April-June, July-September) were investigated. Air temperature trends were investigated for means of monthly maximum and minimum air temperatures in degrees Fahrenheit. With the exception of one downward trend in the July-September season for the Big Sioux River at Akron, no trends in maximum temperatures were identified for WYs 1945-2013 (table 4). Minimum air temperatures had significant upward annual and seasonal trends, except for the October-December season, in all three watersheds in WYs 1945-2013. The minimum temperature increased at a mean slope of 0.034 °F per year. Few air temperature trends were identified for WYs 1980-2013; the significant trends were upward in July-September minimum air temperature and downward in April-June maximum air temperature. Although minimum air temperatures are increasing, the small magnitude of these upward trends and the downward (or stationary) trends in maximum temperature likely minimize any substantial changes to the evaporation or snowmelt regime of eastern South Dakota.
Trends in Precipitation-Removed Streamflow
This section describes the trend tests of the residuals remaining after removal of the streamflow variations that can be explained by precipitation. The LOWESS fit of streamflow metrics as a function of precipitation metrics is shown in figure 10 for the streamgages on the Whetsone River near Big Stone City, S. Dak.; James River near Scotland, S. Dak.; and Big Sioux River at Akron, Iowa.
The LOWESS streamflow-precipitation models were evaluated for goodness of fit using R 2 , which provides a measure of the correlation between the observed streamflow statistic and LOWESS model values. The greatest R 2 values of the 12 streamflow-precipitation combinations ( fig. 10 ) investigated were for regressions between annual mean streamflow and total precipitation (mean R 2 value of 0.47) and was as high as 0.72 for one streamgage (table 5). Regressed base flow as a function of precipitation (those involving 7-day minimum streamflows) had the poorest R 2 values, typically less than 0.10 (explaining less than 10 percent of the variation). The LOWESS regressions with poor R 2 values may not be useful in the second step, testing for trends of residuals, because the precipitation variable has little effect on the streamflow; therefore, only the precipitation-streamflow regressions with a mean LOWESS model R 2 value greater than 0.30 were included in the residual trend testing in this analysis. This criterion limited the precipitation-streamflow regressions used in analyses to two (table 6): (1) annual precipitation and annual mean streamflow (mean R 2 = 0.47, table 5), and (2) annual precipitation and MarchMay mean streamflow (mean R 2 = 0.33, table 5). Changes in the relation between precipitation and streamflow in eastern South Dakota since WY 1945 are evident when considering the runoff efficiency (the amount of runoff that is generated for a given amount of precipitation) of the watershed. The LOWESS models relating WY precipitation and annual mean streamflow for three different periods (WYs 1945 -67, WYs 1968 -90, and WYs 1991 -2013 are shown in figure 11. For annual total precipitation greater than about 20 in., the associated annual mean streamflow is much greater in the WY 1991-2013 period than the two earlier periods. For example, for an annual total precipitation of 25 in., the expected streamflow at the James River near Scotland increases from about 1,000 ft 3 /s during both early periods (preceding WY 1991) to about 2,500 ft 3 /s in the most recent period (WYs 1991 (WYs -2013 (fig. 11B) .
Statistics (p-values and Sen slopes) for trends in precipitation-removed streamflow are presented in table 6, and timeseries plots of the precipitation-removed streamflow are shown in figure 12 . Precipitation-removed streamflow refers to the residuals of the LOWESS relations ( fig. 10 ) and is interpreted by the following: a significant trend (p-value less than 0.10) in the precipitation-removed streamflow indicates that factors other than precipitation are important drivers of streamflow, and conversely, non-significant trends (p-value equal to or greater than 0.10) indicate that precipitation explains most of the streamflow variability. A, Whetstone River near Big Stone City, South Dakota (streamgage 05291000). B, James River near Scotland, South Dakota (streamgage 06478500). C, Big Sioux River at Akron, Iowa (streamgage 06485500). The 10-year moving average (decadal mean) is dashed when the trend is not significant according to the Kendall tau test at the 0.1 significance level. Table 4 . Statistics for trends in annual and seasonal maximum and minimum air temperature, water years 1945-2013 and 1980-2013. [A water year (WY) is the 12-month period, October 1 through September 30, and is designated by the calendar year in which it ends. Shading denotes presence of a significant trend (p-value less than 0.10):
blue 1991-2013 1968-1990 1945-1967 Locally-weighted scatterplot smoothing model for water years: For all watersheds, annual total precipitation as a predictor of annual mean streamflow (columns 4-5 in table 6) had a mean R 2 of 0.47 (table 5) . Precipitation-removed streamflow (residuals about the LOWESS models) had significant trends (table 6) for WYs 1945-2013 in one-half of the streamgages included in the analyses, indicating that factors other than precipitation caused the upward trend identified at these streamgages. Trends in precipitation-removed streamflow were indicated for the Whetstone River near Big Stone City and the lower part of the Big Sioux River Basin-Big Sioux River near Dell Rapids, S. Dak. (streamgage 06481000), Skunk Creek at Sioux Falls, and Big Sioux River at Akron. The James River near Scotland had a significant upward trend in residuals for WYs 1980-2013, indicating that factors other than precipitation are important in explaining streamflow variation at this streamgage. The magnitude of these trends in precipitation-removed streamflow ranges from about 0.50 (ft 3 /s)/yr for the Whetstone River at Big Stone City to 25.8 (ft 3 /s)/yr for the James River at Scotland. These magnitudes are similar to the trends noted in the trend tests for annual mean streamflow, representing an increase of 0.70 to 3.0 percent of the long-term mean annual streamflow each year.
When the March-May mean streamflow is used as the streamflow statistic (columns 6-7 in table 6), annual precipitation explains the streamflow variability in all but two streamagages included in the analyses (Skunk Creek at Sioux Falls and Big Sioux River at Akron, each in the WY 1945-2013 period); these two streamgages have significant upward trends. The magnitudes of these trends are 3.07 and 18.2 (ft 3 /s)/yr for Skunk Creek at Sioux Falls and Big Sioux River at Akron, respectively. Based on these results, the streamgages on the Whetstone and Big Sioux Rivers are characterized differently than those on the James and Vermillion Rivers (located to the west of the Whetstone and Big Sioux Rivers, fig. 1 ). Most streamgages in the Whetstone River and Big Sioux River Basins have streamflow trends that are not completely explained by precipitation during WYs 1945 WYs -2013 ). In contrast, most streamgages in the James and Vermillion River Basins had no trends in residual annual mean streamflow, indicating streamflow trends can be explained primarily by precipitation. This conclusion generally is supported by the trends in precipitation (table 3) Factors other than precipitation that affect streamflow can include anthropogenic changes in the watersheds (land use) as well as natural climatic changes that affect hydrology. No attempt was made to quantify the statistical significance of these individual causal factors on streamflow trends presented in this report. In eastern South Dakota, agriculture was the predominant land use during WYs 1945-2013, and developed or urban areas account for only 6 percent of the area (Homer and others, 2015;  fig. 2 ). Changes to agricultural lands may include grassland conversion, drainage improvements (ditching), or subsurface tile drainage. Although the basin-scale effects of these practices may be difficult to discern, they are likely to affect local-scale (field level) hydrology. Changes in precipitation-removed streamflow during WYs 1945-2013 are more likely attributed to a shift in climatological patterns. For example, changes in timing or intensity of precipitation within a season or changes in precipitation type (rain or snow) may not be reflected in the total precipitation records (Ryberg and others, 2014) . Mallakpour and Villarini (2015) identified sparse evidence for changes in the magnitude of heavy rainfall but determined a stronger tendency towards increases in the frequency of heavy rainfall days in the north-central United States. Thus, for the streamgages with significant trends in precipitation-removed streamflow (such as those in the Whetstone and Big Sioux River Basins), and where precipitation totals are relatively constant, a major causal factor for the streamflow increases probably is the timing and frequency of large precipitation events.
Another hydrological factor affecting streamflow is the antecedent hydrologic condition of the watershed. Regression analyses indicate that precipitation from the two previous water years is an important factor affecting annual mean streamflow and the 7-day minimum streamflow (table 7) . For each streamgage, total precipitation from the current WY, previous water year (WY−1), and water year from 2 years previous (WY−2) were included as explanatory variables in a multiple linear regression analysis using annual mean streamflow and 7-day minimum streamflow as the dependent variables. Base flow is affected more by precipitation from preceding water years (WY−1 and WY−2) than from the current WY, based on the non-significant relations (p-values greater than or equal to 0.10) for the 7-day minimum streamflow regression analyses for the current WY (table 7) . Annual mean streamflows are affected by not only the current WY precipitation but also by the precipitation from the 2 preceding years (table 7) .
Including precipitation totals from the previous 2 water years generally improves the precipitation-streamflow LOW-ESS models ( fig. 11, table 8 ). For the LOWESS models considered in figure 11 and table 5, only the precipitation total from the current WY was used as the explanatory variable. When the sum of precipitation from the current WY and WY−1 was considered, mean R 2 values increased from 0.47 to 0.56 for annual mean streamflow statistic and increased from 0.11 to 0.34 for the 7-day minimum streamflow statistic (table 8) . Including the WY−2 precipitation total in the LOW-ESS model generally yielded mean R 2 values that were similar to those for the current WY and WY−1 precipitation. Note the explanatory precipitation variables in table 8 (LOWESS analyses) are slightly different than those in table 7 (multiple linear regression analyses). The precipitation from previous years in table 8 is a cumulative amount (sum of current WY and WY−1, and sum of current WY, WY−1, and WY−2) and those in table 7 are from a single water year. The 7-day minimum value equals zero during at least 25 percent of water years in streamflow record, and therefore, was excluded from trend testing.
The information presented in tables 7 and 8 allow for a characterization of which sites are more buffered from variability during wet and dry climatic cycles. Streamflow in the James River near Scotland is explained best using the combined precipitation total from the current and previous 2 water years, as indicated by much greater R 2 values in the LOW-ESS models for both mean and 7-day minimum streamflows (table 8) and very low p-values associated with the precipitation variables WY−1 and WY−2 in a multiple linear regression analyses (table 7) . Conversely, the best LOWESS models (as indicated by the greatest R 2 values) for annual mean streamflow for three streamgages (Firesteel Creek near Mount Vernon, Little Vermillion River near Salem, and West Fork Vermillion River near Parker) use only the current WY precipitation total (table 8). In examining the multiple linear regression models for these three streamgages, at least one precipitation variable for previous water years (WY−1 or WY−2) was not significant in explaining annual mean streamflow (table 7) . Streamflow at these three streamgages might be more susceptible to large swings in streamflow in any given year and more responsive to the precipitation that occurs in the current year. Larger rivers in eastern South Dakota (such as the James River near Scotland or Big Sioux River at Akron) probably are more buffered because excess precipitation is stored in groundwater or soil moisture reservoirs and released on a multi-annual time scale. These analyses indicate that groundwater may play an important role in annual mean and 7-day minimum streamflow in these watersheds.
Although trend test results for precipitation-removed streamflow indicate that increased streamflow in several eastern South Dakota watersheds can be explained primarily through a change in annual precipitation, other explanations are needed to describe the increased runoff efficiency (fig. 11) . The main-stem rivers (Big Sioux, James, and Vermillion Rivers) are underlain by shallow alluvial aquifers where the groundwater is hydraulically connected to the surface water. Channel slope in these basins is anomalously gentle (Moody and others, 1986) , and therefore watersheds are slow to drain runoff from precipitation events, with greater potential for runoff to recharge the groundwater systems in these watersheds. In addition, surface-water drainage is slowed by the extensive depression storage available in the Prairie Pothole Region. In tributaries of the main-stem rivers, groundwater commonly persists in the sand, gravel, and till deposits at depths less than 20 ft (Lawrence and Sando, 1991) . Groundwater-level records for three monitoring wells in the central James River Basin ( fig. 1, table 9 ; South Dakota Department of Environmental and Natural Resources, 2015) show decadal mean groundwater-level increases of approximately 5-10 ft between the 1970s and 2010s ( fig. 13 ). Increasingly high groundwater levels after 1980 coincide with increases noted in streamflow during the same period ( fig. 6 ). Although these three wells are located in the central part the James River Basin, the general temporal patterns in groundwater levels of the wells are considered reasonably representative of groundwater conditions in much of eastern South Dakota for this report. The bedrock underlying the glacial deposits in the vicinity of the monitoring wells consists of Cretaceous-age shales. Small parts of the James River Basin to the south of the monitoring wells have bedrock consisting of Cretaceous-age sandstones and Precambrian-age rocks. In general, the James River Basin and other basins in eastern South Dakota have a geologic setting where loss of groundwater to underlying bedrock would be small. The high groundwater levels are hypothesized to contribute to increased surface runoff caused by greater potential for saturated conditions or reduced infiltration capacity near the land surface particularly during precipitation events. Upward trends in precipitation ( fig. 8 ), gentle slope of main-stem stream channels, extensive shallow glacial aquifers, and underlying bedrock that inhibits or prevents loss of groundwater to deeper geologic units all combine to create a setting where groundwater plays a large role in the characteristics of streamflow in eastern South Dakota. The role of groundwater in the streamflow characteristics of eastern South Dakota is supported by the significance of antecedent conditions (table 7) and the recent increases in the runoff efficiency of watersheds ( fig. 11 ) that are associated with upward trends in groundwater levels ( fig. 13 ) to within 5 to 10 ft below land surface. 
Summary
Upward trends in precipitation and streamflow have been observed in the northeastern Missouri River Basin during the past century, including the area of eastern South Dakota. Some of the identified upward trends were anomalously large relative to surrounding parts of the northern Great Plains. Forcing factors for streamflow trends in eastern South Dakota are not well understood, and it is not known whether streamflow trends are driven primarily by climatic changes or various land-use changes. Understanding the effects that climate (specifically precipitation and temperature) has on streamflow characteristics within a region will help to better understand additional factors such as land-use alterations that may affect the hydrology of the region. To aid in this understanding, a study was completed by the U.S. Geological Survey, in cooperation with the East Dakota Water Development District and James River Water Development District, to assess trends in climate and streamflow characteristics at 10 selected streamgages in eastern South Dakota for water years (WYs) 1945 -2013 (69 years) and WYs 1980 -2013 . A WY is the 12-month period, October 1 through September 30, and is designated by the calendar year in which it ends.
One streamgage is on the Whetstone River, a tributary to the Minnesota River, and the other streamgages are in the James, Big Sioux, and Vermillion River Basins. The watersheds for two of the James River streamgages extend into North Dakota, and parts of the watersheds for two of the Big Sioux River streamgages extend into Minnesota and Iowa. The objectives of this study were to document trends in streamflow and precipitation in these watersheds, and characterize the residual streamflow variability that might be attributed to factors other than precipitation. Residuals were computed as the departure from a locally-weighted scatterplot smoothing (LOWESS) model. Significance of trends was based on the Mann-Kendall nonparametric test at a 0.10 significance level.
Statistical analyses provide a representative overview and interpretation of the streamflow and precipitation datasets. Streamflow values were summarized into four statistical groups for analyses by WY: (1) annual mean streamflow, (2) annual 7-day minimum streamflow, (3) mean daily streamflow for the March-May period; and (4) 7-day minimum streamflow for the March-May period. Precipitation and air temperature for the watershed areas of the 10 streamgages were analyzed for trends and described in their relation to streamflow using several seasonal periods in addition to the annual (by WY) period. In other analyses, the variation in streamflow explained by precipitation was removed, which allowed focus on variables that affect streamflow but are not associated with precipitation.
Of the 10 streamgages selected, only the Elm River at Westport (which is affected by reservoir regulation) did not have a significant upward trend in annual mean streamflow for WYs 1945 WYs -2013 , with the exception of one downward trend in the July-September season for the Big Sioux River at Akron. Minimum air temperatures for all watersheds had upward trends in all seasons (except for October-December).
Locally-weighted scatterplot smoothing (LOWESS) models were used to describe the relation between precipitation and streamflow. The highest LOWESS correlation was between annual precipitation and annual mean streamflow (mean coefficient of determination of 0.47), whereas base flow as a function of precipitation (those involving 7-day minimum streamflows) had the poorest correlation (mean coefficient of determination less than 0.10). Changes in the relations between precipitation and streamflow in eastern South Dakota since 1945 are evident when considering the runoff efficiency (the amount of runoff that is generated for a given amount of precipitation) of the watershed. For an annual precipitation total of 25 inches, the expected streamflow of the James River near Scotland increased from about 1,000 cubic feet per second during WYs 1945 WYs -1990 to about 2,500 cubic feet per second during WYs 1991-2013.
A significant trend in the precipitation-removed streamflow (residuals of the LOWESS relations) indicates that factors other than precipitation affect streamflow, and conversely, non-significant trends indicate that precipitation explains most of the streamflow variability. Using annual precipitation as a predictor of annual mean streamflow, precipitation-removed streamflow had significant trends during WYs 1945-2013 for one-half of the streamgages included in the analyses. Trends in precipitation-removed streamflow were indicated for the Whetstone River near Big Stone City and the lower part of the Big Sioux River Basin, indicating that factors other than precipitation are major contributors to streamflow variability during the period. The James River near Scotland, S. Dak., had a trend in residuals during WYs 1980-2013. The magnitude of these trends in precipitation-removed streamflow ranges from about 0.50 (ft Factors other than precipitation that can affect streamflow include anthropogenic changes to the watersheds (land use) and natural climatic changes that affect hydrology. For example, changes in timing or intensity of precipitation with a season or changes in precipitation type (rain or snow) may not be reflected in the total precipitation records. Although some agricultural land in eastern South Dakota has experienced changing land management practices, the prevailing land use remained relatively constant during WYs 1945 WYs -2013 . For the streamgages with significant trends in precipitation-removed streamflow (Whetstone River and those in the Big Sioux River Basin), and where precipitation totals are relatively constant, the main causal factor for the streamflow increases probably is the timing and frequency of large precipitation events. Another important factor contributing to the higher flows is the antecedent hydrologic conditions of the watersheds when entering the spring season. Base flow is affected more by precipitation from preceding water years than from the current water year, and annual mean streamflows are affected by not only the current water year precipitation but also by the precipitation from the 2 preceding water years. Water levels have increased in shallow groundwater wells approximately 5-10 feet between the 1970s and 2010s. Although not specifically investigated in this study, high groundwater levels are hypothesized to contribute to increased surface runoff with greater potential for saturated conditions or reduced infiltration capacity near the land surface particularly during precipitation events.
